Efficient and reliable protoplasting, regeneration, and fusion techniques were established for the prototrophic strain Bacillus stearothermophilus NUB36. Auxotrophic mutants were isolated, and protoplast fusion was used to construct isogenic mutant strains and for chromosomal mapping. Markers were mapped using two-, threeP., and four-factor crosses. The order of the markers was hom-1-thr-1-his-1(gly-1 or gly-2)-pur-1-pur-2. These markers may be analogous to hom, thrA, hisA, glyC, and purA markers on the Bacilus subtilis chromosome. No analogous pur-l marker has been reported in B. subtlis. The relative order of three of the markers (hom-1-thr-1-gly-1) was independently confirmed by transduction.
Bacilus subtilis chromosome. No analogous pur-l marker has been reported in B. subtlis. The relative order of three of the markers (hom-1-thr-1-gly-1) was independently confirmed by transduction.
Insights into the molecular mechanisms of thermophily have been hampered because virtually nothing is known about the genetic basis of thermophily. This gap in our knowledge is related to the lack of an efficient genetic exchange system in a thermophilic bacterial species.
Research on thermophile genetics has been confined mostly to Bacillus stearothermophilus and related thermophilic bacilli. Of the various traditional modes of gene transfer, DNA-mediated transformation was used for screening experiments because conjugation has not been demonstrated in the genus Bacillus and transduction occurs at too low a frequency to be useful for preliminary studies.
Over the past 20 years, a majority of the standard strains of B. stearothermophilus have been screened for genetic transformation by using procedures that were developed for B. subtilis. To our knowledge however, there are only two published reports of genetic transformation in this organism (17, 30) . The low frequency of transformation and the lack of reproducibility precluded the use of these systems for genetic studies.
The lack of success encountered in these studies underlines the relevance of certain practical considerations in the development of a genetic exchange system in a strain of interest. The first consideration is that the standard strains of B. stearothermophilus are most likely noncompetent. Only a few bacterial strains have evolved a mechanism for the uptake and expression of DNA, and even in the bestcharacterized bacterial transformation systems, many wildtype strains are noncompetent. In others, only certain auxotrophic mutants are competent. A second consideration is the need for a battery of auxotrophic markers to facilitate the genetic analysis of B. stearothermophilus. A few mutants of B. stearothermophilus have been isolated, but a majority of these are either antibiotic-resistant mutants or mutants lacking a particular enzyme activity (19) . There is only one report on the isolation of auxotrophic mutants (25) . This is not surprising since most standard strains of B. stearothermophilus have relatively complex nutritional requirements (3, 5) . In the absence of prototrophic strains that grow well in a minimal medium, it is not possible to isolate auxotrophic * Corresponding author. t Present address: Institute of Genetics, Fudan University, Shanghai, People's Republic of China. mutants or to duplicate the procedure used to induce the competent state in B. subtilis.
In a final attempt to develop a genetic exchange system in B. stearothermophilus, we isolated over 50 prototrophic strains of thermophilic bacilli from soil. Auxotrophic mutants of each strain were isolated, and the wild-type and several auxotrophic mutants of each strain were screened for genetic transformation. The transformation procedure described by Yasbin et al. (31) for the preparation of competent B. subtilis and the plate transformation method described by Gwinn and Thorne (12) for Bacillus licheniformis were used to screen the strains for transforming ability. Transformation was detected in five of the strains with both procedures, but the results were not reproducible and the transformation frequency was too low (1 x 10-8 to 5 x 10-8). These results indicate that, like the standard strains used in previous studies, the new isolates were also noncompetent.
Genetic analysis of noncompetent strains is now possible by using protoplast fusion (21) . In initial experiments we found that the protoplast regeneration procedures developed for B. subtilis (10) and for B. stearothermophilus (16) did not work with any of the prototrophic strains of thermophilic bacilli.
In this paper we report on the development of a protoplast fusion procedure for one of the prototrophic strains and demonstrate that protoplast fusion is a potentially useful technique for the construction of isogenic mutant strains and for chromosome mapping.
MATERIALS AND METHODS
Media and growth conditions. Cultures were grown in LB medium (6) (pH 7.3) or in a minimal glucose (MG) medium (3.0 mM K2HPO4, 1.65 mM KH2PO4, 0.05% NH4NO3, 0.5% glucose [pH 7.3]) on a gyratory shaker at 60°C. Solid media contained 1.5% agar. Minimal glucose was supplemented as appropriate with the required amino acids at a concentration of 20 ,ug/ml L form (40 jig/ml DL form). Streptomycin, rifampin, and chloramphenicol were used at a concentration of 5 ,ug/ml. Protoplasts were formed in protoplasting (P) medium (LB medium containing 10%o [wt/vol] lactose [Fisher Scientific Co., Pittsburgh, Pa.], 20 mM CaCl2 * 2H20, 10 mM MgCl2 * 7H20), and the regeneration (R) medium was P medium containing 0.8% Bacto-Agar (Difco Laboratories, Detroit, Mich.) (pH 6.5). All media were supplemented with 1.05 mM nitrilotriacetate (Sigma Chemical Co., St. Louis,
Mo.)-0.59 mM MgSO4 * 7H2(0-.91 mM CaCl2 -2H20-.04 mM FeSO4 * 7H20. Growth was monitored by using a Klett-Summerson colorimeter with a no. 42 blue filter.
The pHs of the various media were measured at the temperature of use. A flat-surface combination electrode (Sensorex,. Stanton, Calif.) was used to estimate the pHs of solid media. At 60°C the pHs of liquid and solid LB and MG media were 6.8 to 7.0 and 6.8 to 6.9, respectively. The pH of P medium at 60°C was 6.1 to 6.3, and the pH of R medium at 60 and 65°C was 6.2 to 6.3 and 6.1 to 6.2, respectively.
Agar media were prepared in standard plates (15 by 100 mm; 25 to 30 ml) and stored in sealed plastic bags at 5°C. R medium was used either immediately after preparation or after no more than 3 to 4 days of storage at 5°C. Before plating, all plates were equilibrated for at least 2 h at room temperature followed by 1 to 2 h at 60°C. After plating, the surface of each plate was dried for 10 min at 60°C with the cover ajar. Plates (four per stack) were incubated in plastic bags to maintain high humidity.
Cell and protoplast suspensions and all dilutions were maintained at 60°C. CFUs were determined by diluting cultures in LB medium and by plating samples (0.1 ml) in quadruplicate on LB plates. Bacterial strains and bacteriophage. The strain (NUB36) used in this investigation was isolated from soil by classical enrichment techniques and was identified as B. stearothermophilus by standard physiological and biochemical criteria (11, 28) . Strain NUB36 grows on MG and LB media at temperatures between 48 and 73°C, with optimal growth between 63 and 67°C. The mean generation times of cultures growing in MG and LB media at 65°C were 70 and 25 min, respectively. This strain contains a type II restriction and modification system (data not shown). The restriction endonuclease was designated BsmI by Roberts (24) . Cell lysis was observed when cultures were incubated with mitomycin C (0.5 ,ug/ml), but no plaques were detected when cell lysates were assayed on strains of B. stearothermophilus by the soft agar overlay method.
Growth of NUB36 in MG medium was inhibited when the phosphate concentration was increased above 5 x 10-3 M.
These results are similar to those reported by Rowe et al. (25) for B. stearothermophilus 1503, where growth of this strain on solid but not liquid minimal medium was inhibited by phosphate concentrations higher than 5 x 10-3 M. Strain NUB36 grew on solid but not liquid MG medium without the chelating agent nitrilotriacetate. LB medium (liquid and solid) without chelating agent supported growth of this strain, but growth was slower than that observed with LB medium containing nitrilotriacetate, and the shape of the cells was abnormal. Strain NUB36 was the parent of all the mutants used in this study ( Table 1 ). The phenotype description and stability of each genetic marker are given in Table 2 . Stock cultures were preserved in LB medium containing 10% glycerol at -85°C. Working cultures, prepared fresh every 2 to 3 weeks, were maintained on LB plates at 5°C.
Bacteriophage TP-25 was isolated from soil by using 4S Hsr-Hsm-(13) as the indicator strain. Bacteriophage were assayed by mixing 0.5 ml of a late-exponential-phase culture and 0.1 ml of diluted phage lysate in 1.5 ml of LB top agar (0.75%) containing 0.015 M CaCl2. The mixture was poured onto the surface of an LB plate that was predried for 10 min at 60°C with the cover ajar. The plates were incubated for 5 to 8 h at 60°C. Phage were propagated in LB top agar overlays on LB plates, and phage from each plate were suspended in 5 ml of LB. Phage lysates were filtered through Mutagenesis. N-Methyl-N'-nitro-N-nitrosoguanidine (MNNG) mutagenesis was done with a procedure similar to the auxanographic test for mutagenesis described by Iyer and Szybalski (18) . A sample (0.1 ml) of a mid-exponentialphase culture was spread over the surface of an LB plate. After drying, crystals of MNNG were placed on the surface of the seeded plate, and the plate was incubated for 6 to 8 h at 60°C. Cells in the region immediately adjacent to the zone of growth inhibition were collected with a small spatula, suspended in 1 to 2 ml of MG medium, washed two times, and suspended in MG medium.
Isolation of mutants. Auxotrophic mutants were isolated by plating samples (0.1 ml) of mutagenized cells on MG plates containing 0.2% LB medium. The plates were incubated for 20 to 24 h at 60°C. Auxotrophic mutant colonies were small and translucent, whereas wild-type colonies appeared large and white. Small colonies were identified with the aid of a stereoscopic microscope and transferred to LB plates with sterile toothpicks. After 12 to 15 h at 60°C, the clones were velveteen replicated onto MG nutritional pool plates. Auxanographic methods were used to characterize the auxotrophic mutants.
Restriction-deficient mutants were isolated by plating diluted samples of a mutagenized cell suspension onto LB plates seeded with phage TP-25.0 (4 x 103 to 6 x 103 PFU/ml). Colonies of restriction-deficient mutants contained regions of lysis, whereas colonies of the restrictionproficient wild type appeared as normal nonlysed colonies. Mutants were purified by several single-colony isolations. The restriction and modification phenotypes were identified by efficiency of phage plating (20) , and restriction endonuclease activity was measured in cell extracts as described by Hendrix and Welker (13) .
Antibiotic-resistant mutants were isolated by plating concentrated exponential-phase cells or mutagenized cells on LB plates supplemented with 5 ,ug of streptomycin, rifampin, or chloramphenicol per ml.
Protoplast formation, regeneration, and fusion. Cells from an LB plate (10 to 13 h at 60°C) were used to inoculate a 300-ml, triple-baffled shake flask containing 20 ml of LB medium. The culture was grown for 2 h at 60°C and used to inoculate a 300-ml, triple-baffled nephelometer flask containing 20 ml of LB medium to a cell density of 2 x 107 to 3 x 107 CFU/ml. Cells from late-exponential-phase cultures (6 x 108 to 8 x 108 CFU/ml) were collected by centrifugation and suspended in P medium to a cell density of 3 x 109 to 5 x 109 NUB3663 (his-i), NUB3674 (hom-i), NUB3686 (pur-2), NUB3687 (gly-i), and NUB361 (thr-i) on MG and LB plates. The reversion frequency is the number of revertants growing on MG plates divided by the total number of CFUs detected on LB plates. CFU/ml. A sample (1.0 to 2.5 ml) of the cell suspension was transferred to a 10-ml micro-Fembach flask, and lysozyme (1 mg/ml in P medium) was added to a concentration of 10 ,ug/ml. The flask was gently shaken on a gyratory water bath shaker for 5 min at 60°C. The formation of protoplasts was followed with a phase-contrast microscope. Protoplasts were immediately diluted in P medium, and samples (0.1 ml) were gently spread on R medium plates. The plates were incubated for 22 to 24 h at 60 and 65°C. Each sample was plated in quadruplicate.
Protoplast fusion was accomplished by mixing equal volumes of a protoplast suspension (3 x 109 to 5 x 109 protoplasts per ml) of each parent, and 0.1 ml of the protoplast mixture was added to 0.9 ml of freshly prepared 40% (wt/vol) polyethylene glycol (molecular weight, 1,550; Serva Fine Biochemicals, Inc., Garden City, N.Y.) in P medium. Then, 10 ml of polyethylene glycol solution was prepared by dissolving 4 g of polyethylene glycol in 6.6 ml of sterile P medium. The fusion mixture was gently mixed and incubated for 10 min at 60°C. The fused protoplasts were collected by centrifugation at 1,800 to 2,000 x g for 5 min at room temperature and gently suspended in the same volume of P medium, and samples (0.1 ml) were plated on R medium plates as described. The substitution of sucrose (10%) for lactose in the R medium did not affect the regeneration frequency; however, the regenerant colonies were much smaller, and frequently the cells in these colonies were nonviable. Since sucrose and not lactose is metabolized by NUB36, the loss of viability by regenerant cells on R medium containing sucrose may be the result of acid production. The pH of R medium containing sucrose instead of lactose after protoplast regeneration (20 h at 650C) was 4.5 to 5.0, whereas the pH of R medium containing lactose after protoplast regeneration was 6.0 to 6.2. The osmotic stabilizer used in hypertonic R media should not be metabolized by protoplasts or regenerant cells. This is particularly important when using strains that ferment sugars with the production of acid.
Protoplast regeneration at 65°C was enhanced in strains containing a rifampin resistance mutation ( Protoplast fusion analysis. Variability in the numbers and types of fusion recombinants has been encountered in B. subtilis (15, 26, 27) and Bacillus megaterium (6, 9) . It is reported that up to 50% of the prototrophs recovered after fusion of B. subtilis protoplasts are unstable complementing diploids, and a small percentage (1 to 4%) are noncomplementing diploids in which one or the other chromosome in the diploid fusion product is inactivated (6, 15) . Extensive pedigree analysis and subcloning of the noncomplementing and complementing diploids show that they segregate with varying stability to produce parental segregants and lateappearing recombinants (7, 15) . Because our interest in protoplast fusion is in its use for chromosome mapping, the reproducibility of the fusion data is of primary importance. This concern is particularly valid in view of the problems encountered with the genetic analysis of fusion recombinants in mesophilic bacilli.
Individual regenerant colonies transferred directly (uncrowded conditions) onto various selective media contained either one type of recombinant, more than one type of recombinant, or no recombinants. In some fusions, not all of the possible recombinant types were recovered. In contrast, when regenerant cells were harvested from crowded conditions, all of the possible recombinant types were detected in nearly equal numbers.
Partial diploids, in which a part of either or both parental chromosomes is suppressed, would interfere with genetic analysis because they would be scored as haploid recombinants. Partial diploids were detected among some of the fusion recombinants resulting from a fusion of NUB3674 (Hom-) and NUB3690 (His-Hpx-Ade-Gly-Thr-). A fusion recombinant of the phenotype His-Gly-Thr-was subjected to protoplast fusion as described for the construction of isogenic strains (self-fusion), and 200 regenerant colonies were examined for their phenotypes. Of these, 10 colonies had the phenotype Hpx-Ade-, 15 were Hom-, 9 were His-Ade-Thr-, 7 were Gly-, 5 were Gly-Ade-, and the remainder had the desired phenotype His-Gly-Thr-. In contrast, after repeated subculturing of this fusion recombinant, no segregation of the parental markers was observed. Other His-Gly-Thr-recombinants did not yield segregants when subjected to protoplast fusion. Partial Fusion I: NUB3619 x NUB3635 (not an isogenic strain). Regeneration frequency: parent 1, 84%; parent 2, 30%; fusion mixture, 39%o. Parent 1-parent 2 input protoplast ratio, 2.2. Fusion II: NUB3619 x NUB36111. Regeneration frequency: parent 1, 80%; parent 2, 22%; fusion mixture, 37%. Parent 1-parent 2 input protoplast ratio, 4.4. Fusion III: NUB3618 x NUB3689. Regeneration frequency: parent 1, 100%; parent 2, 62%; fusion mixture, 73%. Parent 1-parent 2 input protoplast ratio, 1.17. For regeneration frequency, see Table 3 , footnote b.
b Percentage of a selected recombinant class that contains either of the parental phenotypes for the indicated pair of markers. ' Of the 476 Stf Cmlr recombinants scored, 8 were His' Gly+, 210 were His-Gly+, 251 were His' Gly+, and 7 were His-Gly-. CIF = (251 + 210/476) x 100. (25) a Fusion between NUB3687 and NUB3691 (600), NUB3619 and NUB36100 (176), NUB3619 and NUB36111 (500), NUB3618 and NUB3688 (2,000), NUB3674 and NUB3691 (635), NUB3619 and NUB36113 (315), NUB3619 and NUB36112 (480), NUB3621 and NUB36108 (436), NUB36121 and NUB3694 (1,000), NUB3618 and NUB3689 (1,000), and NUB3619 and NUB3635 (476). Numbers within parentheses are the number of recombinants analyzed in each fusion experiment.
b CIF (see Table 4 , footnote b) plus or minus the average deviation from the mean value. Numbers within parentheses are the map distances expressed as 100 minus the CIF. detected in some fusions (less than 1%) as colonies that grew on LB medium but not on MG medium selecting for both parental types and were not included in the genetic analyses.
Noncomplementing diploids were detected at a frequency of less than 1% in most fusions. In any event, these diploids did not intefere with genetic analysis because they did not grow on the media used to select the recombinants. Complementing diploids would be scored as prototrophic recombinants and if present in significant numbers would affect the CIF values for a pair of markers. In six fusion experiments, the CIF for His Gly did not significantly change, even though the percentage of this recombinant class varied between 4 and 30% of the total number of recombinants examined.
The reproducibility of the fusion data was determined from fusions between strains NUB3618 and NUB3690 (four different selective media), NUB3619 and NUB36111 (one selective medium), and NUB3618 and NUB3688 (three different selective media). The recombination frequency, expressed as the percentage of regenerant colonies that contained recombinants, was 29o and varied by only ±4.4% (average deviation from the mean value). The CIF for His Gly was 94% and varied by only ±1.9%.
We conclude from these results that the presence of a relatively small number of aberrant fusion products within the population does not interfere with the genetic analysis of the fusion recombinants.
Revertants did not contribute to the fusion recombinants analyzed because regenerant cell suspensions (8 x 109 to 5 x 1010 CFU/ml) were diluted to a cell density of 103 to 104 CFU/ml to recover isolated recombinant colonies. At this cell density, revertants would not be detected. We initially assumed that many of the markers of B. stearothermophilus would be similar to analogous markers of B. subtilis and could be easily located by reference to the known chromosomal map of this organism (23) . The results of a series of fusion experiments provided evidence that, at least for the markers shown in Table 2 , this assumption was correct. The number of recombinants scored and the yields of recombinant phenotypes are given for one fusion experi- For regeneration frequency, see Table 3 , footnote b. b See Table 4 , footnote b. Values in parentheses represent map distances expressed as 100 minus the CIF.
ment. The CIF values for His Gly obtained from two-, three-, and four-factor crosses are shown ( Table 4 ). The CIF value was not significantly affected by the phenotype of the parental strain, the media used to select the recombinants, the regeneration frequency, or the parental input protoplast ratio. Selection for two antibiotic resistance determinants (one from each parent) was much easier because background growth, consisting of parental and unselected recombinant phenotypes, was suppressed by the antibiotics in the medium. CIFs were determined for the other pairs of markers in the same manner, and the combined data for each is shown ( Table 5 ). Reproducibility of the fusion data was evaluated by simple statistical analyses of the CIF values for all fusions. Relatively little variation (+0.8 to ±9,6%) was observed for pairs of markers with a CIF of 60% or higher. In contrast, pairs of markers exhibiting CIF values less than 60% varied by ±40% and higher. We conclude from these results that protoplast fusion can be used to establish linkage between two markers that have a CIF value of 60% or higher.
The order of the markers was established by three-and four-factor crosses ( Table 6 ). The position of pur-2 was established from its position relative to the pur-i marker (Table 5 ). If pur-2 was located to the left of pur-i, we would have detected a linkage between pur-2 and gly-i, gly-2, and his-l. An identical ordering of the markers was obtained when the fusion data were analyzed by the procedure described by Stahl and Pattee (29) for genetic mapping in S. Tables 5 and 6. fusion is shown in Fig. 1 . The hom-1, thr-1, gly-1, -2, his-i, and pur-2 markers may be analogous to the hom, thrA, hisA, glyC, and purA markers on the B. subtilis chromosome. No analogous pur-i marker has been reported in B. subtilis. More markers must be mapped, and the linkages must be verified by other methods. We recently have developed a transducing system for NUB36 (manuscript in preparation), and the order hom-i-thr-i-gly-i was verified by cotransduction. The position of his-i relative to the three markers was not determined. The map distances, expressed as 100 minus the percentage of cotransduction of two markers, between hom-1 and thr-1, thr-i and gly-i, and hom-1 and gly-i were 21, 75, and 97, respectively.
The effect of BsmI restriction and modification on the formation of fusion recombinants was tested. Restrictiondeficient and restriction-proficient strains were fused with NUB36111, and the number of Strr Cmlr recombinants and stearothermophilus CU21. This latter procedure did not work with strain NUB36, and the procedure described in this study did not work with strain CU21.
Regeneration of B. subtilis protoplasts occurs efficiently when protoplasts are plated on special solid media such as 25% gelatin or a high agar concentration (2 or 2.5%) containing 2% gelatin and serum (7, 10) . Akamatsu and Sekiguchi (1) reported that other plasma expanders such as polyvinylpyrrolidone or dextran could replace gelatin and serum in the regeneration medium. DeCastro-Costa and Landman (7) proposed that a reversion inhibitory factor is inactivated by gelatin or other hard surfaces or by serum. They concluded that the factor is identical to one or a combination of the autolysins in B. subtilis. Mutants of B. subtilis deficient in the glycosylation of cell wall teichoic acid show a higher percentage of reversion than the wild type did. The autolytic activities of these mutants are markedly decreased. Mutants that exhibit increased regeneration on regeneration medium without the addition of gelatin, serum, or other components were isolated from B. subtilis (2X. A single mutation confers a higher regeneration frequency and a decrease in autolytic activity. Stahl and Pattee (29) reported that the addition of 0.3% starch to the regeneration medium results in a 20-fold increase in the regeneration frequency of S. aureus protoplasts. They proposed that reversion inhibitory factors. such as extracellular lipases or hemolysins may be inhibited by starch.
High temperature, the only requirement for the mass reversion of protoplasts of NUB36, either inactivates the putative reversion inhibitory factors or increases the biosynthesis of factors required for cell wall biosynthesis.
Our results indicate that protoplast fusion can be used for chromosome mapping in B. stearothermophilus. Although this technique has been successfully used for the genetic analysis of S. aureus (29) and Streptomyces species (4, 14) , equivocal results have been reported for mesophilic bacilli. Variation in the numbers and types of fusion recombinants has been encountered in B. subtilis and B. megaterium. This variation appears to be caused by the presence of segregating diploids or biparentals among the fusion products. Fleischer and Vary (8) concluded that protoplast fusion cannot be used for genetic mapping in B. megaterium because no linkages are detected, even between loci known to be linked by cotransduction with phage. Although diploid fusion products were detected in most fusions, they did not represent a significant fraction of the population and therefore did not interfere with the genetic analysis of the fusion recombinants. In addition, most of the diploid fusion products could be identified by their growth response on specific selective media and were not included in the genetic analyses. Each pair of markers was assigned a CIF value, and only those values that varied by less than +10% were used to establish the genetic map. The order of hom-J-thr-J-his-1-(gly-J or gly-2)-pur-1-pur-2 markers was established by protoplast fusion, and the hom-l-thr-l-gly-J linkage was also verified by transduction. The arrangement of these markers appears to be similar to that of the analogous markers on the B. subtilis chromosome except that the order of the thr and hom genes is reversed. The general utility of this procedure for genetic mapping must be tested by mapping more markers and by subsequent verification by transduction.
Restriction and modification had a pronounced effect on the recovery of fusion recombinants. These results underline the need for restriction-deficient strains for heterologous protoplast fusion experiments.
Protoplast fusion is potentially a powerful tool for the construction of isogenic mutant strains and for the genetic analysis of B. stearothermophilus. The development of several methods of genetic analysis and a gene cloning system in this organism will have a profound effect on investigations concerning the biochemical, molecular, and genetic bases of thermophily.
